An electropolymerized film of eriochrome black T (EBT) has been prepared at a glassy carbon electrode (GCE) by cyclic voltammetry (CV). The poly(EBT) membrane at GCE exhibits an excellent electrocatalytic activity towards the oxidation of epinephrine (EP), ascorbic acid (AA) and uric acid (UA) in acidic solution and reduced the overpotential for the oxidation of EP. The poly(EBT)-coated electrode could separately detect EP, AA and UA in their mixture with the potential differences of 180 and 160 mV for EP-AA and UA-EP, respectively, which are large enough to allow for determination of EP in the presence of AA and UA. Using differential pulse voltammetry, the peak current of EP recorded in pH 3.5 solution was linearly dependent on EP's concentration in the range of 2.5 -50 μM. Due to its good selectivity and stability, the polymer-coated GCE was successfully applied to the determination of EP in real samples.
Introduction
Epinephrine (EP), an excitomotor of α and β receptor, is one of the frequently used sympathomimetic drugs. It is widely used for the treatment of hypertension, bronchial asthma, cardiac arrest, myocardial infarction and cardiac surgery in clinics. EP, as well as dopamine and norepinephrine, belongs to the family of catecholamines and is also one of the important neurotransmitters in mammalian nervous systems and biological body fluids. Many physiological phenomena are correlative to EP's level in body fluid. Therefore, a sensitive and simple method is necessary for determination of EP either in pharmaceutical preparations or in biological fluids.
In recent years, many methods have been reported for the determination of EP in pharmaceutical preparations and biological samples, such as high performance liquid chromatography (HPLC), 1,2 fluorometry, 3 chemiluminescence 4 and spectrophotometry. 5 However, most of these methods are complicated because they need derivatization or combination with various detection methods. And some of them also suffer from low sensitivity (the detection limit of 0.144 μg/ml EP is mentioned in Ref. 3 ) and low specificity.
The electrochemical methods are more and more widely used for the determination of electroactive compounds in pharmaceutical forms and physiological fluids due to its simple, rapid and economical properties. As an electroactive substance, EP has also attracted much interest from electrochemists and neurochemists.
However, in detection of EP, the electrochemical methods suffer from bad sensitivity and selectivity due to two facts: (1) the irreversibility of its electrochemical property, leading to an inactive overpotential; (2) the presence of AA and UA, which often coexist with EP in physiological fluids and possess oxidation potentials close to that of EP, resulting in the electrochemical response of EP being almost overlaid by that of AA or UA.
To resolve these problems, researchers have tried various electrochemical methods. [6] [7] [8] [9] [10] [11] [12] Especially, electropolymerizedly modified electrodes show excellent catalytic ability, good stability and broad potential windows. [13] [14] [15] For example, a poly(osmium oxide/hexacyanoruthenate) film was directly deposited from mixed Os 3+ and Ru(CN)6 4+ ions in a pH 2 solution and showed clear electrochemical activity for the determination of EP. 16 Ren et al. 17 described a poly(caffeic acid) film-modified GCE, which exhibited potent and persistent electromediating behavior, followed by well-separated oxidation peaks to AA, UA and EP with active overpotentials. The polymer film was deposited on the surface of a GCE by a constant potential of 2.0 V for 30 s. This allowed the individual or simultaneous determination of EP, AA and UA by CV. Wang and coworkers 18 reported a poly(3-methylthiophene) membrane, which was electropolymerized on a GCE by CV and had electrocatalytic activity towards oxidation of EP. In addition, other research groups have developed poly(pyrrole), 19 osmium hexacyanoferrate, 20 luminol and oxometalate hybrid 21 films for the electrocatalytic oxidation of EP.
In this work, a poly(eriochrome black T) film was fabricated on the surface of a GCE in 0.01 M NaOH solution by CV. The polymer was found to be electrocatalytically active for the 
Experimental

Reagents
Eriochrome black T (EBT, Scheme 1) was purchased from Shanghai Chemical Reagents Company (China) . UA was purchased from Fluka (Switzerland). Adrenaline hydrochloride and L-ascorbic acid were obtained from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). Phosphate buffer solutions (PBS) were prepared by mixing 20 mM NaCl and 50 mM NaH2PO4-Na2HPO4; the pH was adjusted with 50 mM H3PO4 or 0.1 M NaOH. All reagents were of analytical grade and used without any further purification. Double-distilled water was used to prepare all solutions. All experiments were performed at room temperature.
Instruments
CHI 660B electrochemical workstation (Shanghai CH Instruments, China) equipped with a personal computer was used for electrochemical measurements and treating data. A conventional three-electrode system was used throughout. The working electrode was a bare or a poly(EBT) film-modified GCE (3.0 mm in diameter), the auxiliary electrode was a Pt thread and a silver-silver chloride electrode (Ag/AgCl) was employed as reference electrode. All electrode potentials were reported referring to Ag/AgCl electrode in this paper.
Preparation of pretreated and poly(EBT) modified GCE
GCE was polished first with 0.3 and 0.05 μm alumina slurries, and then sonicated in an ultrasonic bath in distilled water, ethanol and distilled water in turn. After that, the electrode was scanned cyclically (from -0.4 to 1.4 V) in 0.05 M H2SO4 at 100 mV/s for 20 times. Then, the pretreated GCE was obtained. The electropolymerization of EBT was enforced under CV sweeping from -0.4 to 1.4 V at 100 mV/s for 25 cycles. The monomer concentration of EBT was 1 mM and the supporting electrolyte comprised of 0.01 M NaOH. After polymerization, poly(EBT) film was rinsed sufficiently using 0.05 M pH 3.5 PBS to remove unreacted EBT.
Results and Discussion
Electrochemical polymerization of EBT on GCE
It was found that the toplimit potential for the electropolymerization of EBT had to be beyond 1.2 V; otherwise, the modified electrode showed no electrocatalytic effect on the oxidation of EP. Figure 1 displays the CV graph of EBT electropolymerization over the range of -0.4 -1.4 V at 100 mV/s for 25 cycles. During the polymeric process, an anodic peak at 0.1 V corresponding to the oxidation of EBT descended gradually with cyclic time increasing; such a decrease indicates the poly(EBT) membrane forming and depositing on the surface of GCE. The poly(EBT) film-coated GCE could be stored stable for at least 1 week in 0.05 M PBS (pH 3.5) at 4˚C in a refrigerator.
Electrochemical oxidation of EP at poly(EBT) modified GCE
The redox peak of 10 μM EP in 50 mM PBS (pH 3.5) was observed by CV in the potential range of -0.2 -0.8 V. As shown in Fig. 2 , at a bare GCE, the oxidation and reduction peak potential appear at 0.50 and 0.37 V, respectively. The difference of the oxidation peak potential from the reduction peak potential was 0.13 V, which suggested that the electrochemical oxidation of EP at the bare GCE should be an irreversible process. However, both the pretreated and the polymer-modified GCE showed negative shifts of the oxidation peak potentials and positive shifts of the reduction peak potentials. At the poly(EBT)-coated GCE, a well-defined redox wave of EP was obtained, with the oxidation and the reduction peak potential at 0.402 and 0.372 V, respectively. The separation of peak potentials, ΔEp (= Epa -Epc), was 30 mV, which was close to 2.303RT/nF (or 59/n mV at 25˚C), suggesting that the number of electrons involved in the reaction was about two. It was also observed that the anodic peak currents enhanced greatly at the polymer modified GCE, which provided more evidence for asserting that the polymer on the surface of GCE possessed greatly electrocatalytic activity to the electrochemical reaction of EP.
To ascertain the process of the electrochemical reaction of EP at poly(EBT) membrane-modified GCE, we investigated the effect of scan rate on the peak currents of EP (20 μM). As shown in Fig. 3 , with scan rate increasing, the anodic current Ipa increased, which was proportional to the scan rate over the range of 20 to 200 mV/s, suggesting a surface-controlled process in the solution. The linear regression equation was Ipa (μA) = 0.048v (mV/s) + 1.0637 with the correlation coefficient of 0.9966.
The effect of PBS's pH value on the anodic peak potential was also studied by CV in a solution containing 20 μM EP; the results are shown in Fig. 4A . It could be noticed that, with solution pH increasing from 2 to 6, the oxidation peak potential shifted to a more negative position and was linearly dependent on the pH value of PBS (Fig. 4B) , implying that proton transfer should be accompanied in the redox process. The linear equation was Epa (V) = 0.0593pH (V/pH) + 0.6052 with the correlation coefficient of 0.9985. The Nernst equation slope of -59.3 mV/pH shows that the ratio of the electron and proton involved in the reactions is 1:1. Since the oxidation of EP at the poly(EBT)-modified GCE is inferred to be a double-electron course, the number of proton involved is also calculated to be two.
According to these discussions, the possible process of EP's oxidation can be described as in Scheme 2.
In addition, the effect of PBS's pH value on the peak current of EP was also investigated by DPV in 50 mM PBS. The results are shown in Fig. 5 . When pH was 3.5, the oxidation peak current by DPV over the range of -0.2 -0.8 V had a maximum. It could mean that the surface structure of the poly(EBT)-modified electrode had a better affinity to EP when pH was at 3.5. It could be explained with the dissociation of -SO3Na(H) group of poly(EBT) film in different pH environments. The pKa value of R-SO3H (R: alkyl or aryl groups) is usually between 3 and 4. Perhaps the pKa value of -SO3Na(H) group of the poly(EBT) film is between 3 and 3.5. When the solution pH was equal to 3.5, the -SO3Na group of poly(EBT) film could dissociate favorably into a negative charge group -SO3 -. Under this condition, the alkaline -NHCH3 group of EP molecular could obtain a proton and form the positive ion of EP. Therefore, the negative charge group -SO3 -on the surface of poly(EBT)-modified electrode had an excellent affinity to the EP positive ions due to their electrostatic effect and could catalyze and promote the oxidation of EP in the weak acidic mediators (pH 3.5). If the pH was below 3, the -SO3Na group of poly(EBT) film could form -SO3H and exclude the EP positive ions. When pH was between 4 and 6, the EP existed mainly in molecular state so that the negative charge group -SO3 -on the surface of poly(EBT)-modified electrode had a poor affinity to the EP molecular and could not promote the EP's oxidation. 
Electrochemical separation of EP, AA and UA in a mixture solution at poly(EBT) modified GCE
Electrochemical behaviors of a mixture containing 20 μM EP, 100 μM AA and 20 μM UA at a bare GCE, a pretreated GCE and a poly(EBT)-modified GCE were studied by cyclic voltammetry in 50 mM PBS (pH 3.5) at a scan rate of 100 mV/s. As shown in Fig. 6 , at both a bare and a pretreated GCE, only two anodic peaks and no cathodic peak could be observed for the mixture solution including the three components. However, when the electropolymerized GCE was used, three anodic peaks could be clearly observed. The potentials appeared at 0.21, 0.39 and 0.55 V, which accounted for the oxidation of AA, EP and UA, respectively. The differences of the oxidation peak potentials for EP-AA and UA-EP were 180 and 160 mV, respectively, which are large enough separations to allow for the assay of EP, AA and UA in the mixture. And a cathodic peak occurred at 0.37 V, which was corresponding to the reduction of EP. That is to say, a well-defined redox wave of EP was observed, confirming that the poly(EBT) membrane could sufficiently improve the electron transfer process for the oxidation of EP. Furthermore, the oxidation peak currents of AA, EP and UA were increased dramatically at the polymermodified electrode. All these results demonstrate that the poly(EBT) film possesses good electrocatalytic activity for the electrochemical reaction of EP in pH 3.5 PBS.
Calibration curves for the determination of EP
DPV was employed for the determination of EP at the poly(EBT) film-coated GCE because of its higher current sensitivity and better resolution than CV. It was observed that the oxidation peak current of 20 μM EP by DPV was strongly dependent on the pH value of the supporting solution (Fig. 5) . When pH was 3.5, the oxidation peak current by DPV over the range of -0.2 -0.8 V had a maximum and the differences of peak potentials for EP-AA and UA-EP also appeared to have larger values (Table 1) . Therefore, pH 3.5 was selected as the optimum pH condition for the determination of EP. The oxidation peak current of EP was measured by DPV in a pH 3.5 50 mM PBS (Fig. 7A ) and was linearly dependent on EP's concentration (Fig. 7B) . The calibration curve of EP is expressed as Ip (μA) = 0.1441C (μM) + 0.6979 (r = 0.9935) over the range of 2.5 to 50 μM. The detection limit of method (S/N = 3) is 0.3 μM EP (ca. 55 ng/ml). The relative standard deviation of Ip for 11 repetitive scans is 1.6% for 2.5 μM EP, indicating that the poly(EBT) film-modified GCE possesses excellent reproducibility.
Interference studies
Interference of AA or UA with the determination of EP in the presence of AA and UA. Both AA and UA often coexist with EP in physiological fluids and possess close oxidation potentials to EP at a bare electrode, resulting in the electrochemical response of EP being almost overlaid by that of AA or UA. In this study, it was found that the above problem could be resolved by using the poly(EBT) film-modified GCE. Thus, it provides a possible method for the selective determination of EP in the mixture solution containing EP, AA and UA.
In order to confirm the availability of poly(EBT) film-coated GCE to the separated determination of EP in the presence of AA and UA, we scanned a series of mixture solutions containing EP, AA and UA in 50 mM PBS (pH 3.5) by DPV. As is shown in Fig. 8 , when we keept EP's and UA's concentrations constant at 20 and 40 μM, respectively, with increasing the concentration of AA from 10 to 130 μM, little change could be observed either in the peak currents or in the peak potentials of EP and AA. The results demonstrate that the coexisting AA could produce no effect on the assay of EP in pH 3. Still, little change is found in the peak currents and potentials of EP and AA by DPV, which also identifies that the accompanying UA could produce no effect on the assay of EP in pH 3.5 PBS at the poly(EBT) film-modified electrode. Based on the above discussions, one can conclude that either UA or AA is unlikely to bring about large interference for the determination of EP in the presence of UA and AA at the poly(EBT) film-modified electrode. In addition, interestingly, with increasing the concentration of UA in the test, the peak current of UA linearly depended on its concentration (Fig. 9B ) over the range from 5 to 40 μM in the mixture solutions. The linear equation was Ip (μA) = 0.0711C (μM) + 0.0739 (r = 0.9991), which hinted that the poly(EBT)-modified GCE could be used to determine UA in the presence of EP and AA. Interference of the other possible coexisting materials. The effects of the other substances (excipients and common ions) that often accompany EP in various pharmaceutical preparations were studied by analyzing a standard solution of EP (2.5 μM). If a foreign species caused a relative error of less than ±5% during the determination of 2.5 μM EP, it was considered not to interfere. No interference has been found when including up to 1000 μM of K + , Zn 2+ , Ca 2+ , NO3 -, Cl -, and SO4 2-, and 500 μM of sodium citrate, starch, lactose, and gelatin. Using 200 μM EDTA or 100 μM AA could eliminate the effect of 50 μM Fe 3+ with the determination of 2.5 μM EP.
Applications
The present method was used to the determination of EP in pharmaceutical injection (Harvest Pharmaceutical Co. Ltd., Shanghai, China). A 20-μl volume of EP injection (2 mg ml -1 ) was diluted with 10 ml 50 mM PBS (pH 3.5). The diluted solution was determined by DPV at the poly(EBT) filmmodified GCE. The results are listed in Table 2 and are in accordance with those obtained by the HPLC method. 22 To validate the practicability of the purposed method for the selective determination of EP in mixtures including AA and UA, we prepared three samples by dissolving approximate amounts of EP, AA and UA into a mixture. The solution was then diluted with 50 mM pH 3.5 PBS to ensure that the concentrations of EP were in their linear range. The final solution was determined by using the presented method. The amounts of EP found in the samples were calculated as 95.7, 96.1 and 98.2% with all the relative standard deviations (RSD) less than 3% for five determinations of each sample. These results indicate that the method provides a potential tool for the separated determination of EP in the presence of AA and UA in their mixture.
Conclusions
The poly(EBT) film-modified GCE exhibits highly electrocatalytic activity to the oxidation of EP and provides higher selectivity in voltammetric assay of EP in the presence of AA and UA. Separations of the oxidation peak potentials for EP-AA and UA-EP are about 180 and 160 mV, respectively, as determined by cyclic voltammetry. With the good selectivity and practicability, the proposed method has been applied to the determination of EP in real samples with satisfactory results. 
